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VIBRATION-DRIVEN DROPLET
TRANSPORT DEVICES

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 61/872,476, filed Aug. 30, 2013. This appli-
cation is also a continuation-in-part of U.S. application Ser.
No. 13/357,036, filed Jan. 24, 2012, which claims the benefit
of'U.S. Provisional Application No. 61/435,679, filed Jan. 24,
2011, and which is a continuation-in-part of U.S. application
Ser. No. 12/179,397, filed Jul. 24, 2008, now U.S. Pat. No.
8,142,168, which claims the benefit of U.S. Provisional
Application No. 61/031,281, filed Feb. 25, 2008. The disclo-
sures of each of the above-referenced patents and applications
are expressly incorporated herein by reference in their
entirety.

STATEMENT OF GOVERNMENT LICENSE
RIGHTS

This invention was made with Government support under
Contract No. ECCS 0501628 awarded by the National Sci-
ence Foundation. The Government has certain rights in the
invention.

BACKGROUND OF THE INVENTION

The promise of enabling time and space resolved chemis-
tries has seen the emergence of droplet microfluidics for
lab-on-chip technologies. Generally, prior art approaches to
transporting droplets have been directed to creating global
surface energy gradients by exploiting electrowetting/elec-
trocapillarity, thermo-capillarity, chemistry, or texture. Prior
art static global gradients, however, are limited in usefulness
because they can only drive droplets over short distances and
can never form a closed loop.

Despite recent advances in microfluidic manipulation of
droplets, there remains the need for a simple method and
apparatus for transporting droplets over a substrate. In par-
ticular, there is a need for an apparatus that can transport
droplets along complex paths, including, for example, closed
loops.

SUMMARY OF THE INVENTION

A novel approach is disclosed herein to transport droplets,
wherein an engineered surface having periodic structures
with local asymmetry rectifies local “shaking™ into a net
transport of droplets on the surface. This approach retains the
simplicity and ease of operation of passive gradients while
overcoming their limitations by making it possible to create
arbitrarily long and complex droplet guide-tracks that can
also form closed loops.

In one aspect, a method for moving a droplet along a
predetermined path on a surface is provided. The method
includes: providing a horizontal surface having an elongated
track comprising a plurality of transverse arcuate projections
that are sized and spaced to support a droplet in a Fakir state,
wherein the droplet has a front portion; depositing the droplet
on the elongated track; and vibrating the surface at a fre-
quency and amplitude sufficient to cause the droplet to
deform such that the front portion of the supported droplet
contacts at least one additional transverse arcuate projection,
thereby urging the droplet towards the additional transverse
arcuate projection.
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In another aspect, a device is provided for moving a droplet
along a predetermined path on a surface, comprising: a sur-
face having an elongated track comprising a plurality oftrans-
verse arcuate projections that are sized and spaced to support
a droplet in a Fakir state, wherein the droplet has a front
portion; and a means for vibrating the surface at a frequency
and amplitude sufficient to cause the droplet to deform such
that the front portion of the supported droplet contacts at least
one additional transverse arcuate projection, thereby urging
the droplet towards the additional transverse arcuate projec-
tion.

In one aspect, a method of moving a droplet along a pre-
determined path on a surface is provided. In one embodiment,
the method includes:

providing a surface having an elongated track comprising a
plurality of transverse arcuate regions having a different
degree of hydrophobicity than the surface, wherein the trans-
verse arcuate regions are sized and spaced to induce asym-
metric contact angle hysteresis when the droplet is vibrated;

depositing the droplet on the elongated track; and

vibrating the surface at a frequency and amplitude suffi-
cient to cause the droplet to deform such that a front portion
of the supported droplet contacts an at least one additional
transverse arcuate region, thereby urging the droplet towards
the at least one additional transverse arcuate region.

In another aspect, a device for moving a droplet along a
predetermined path on a surface is provided. In one embodi-
ment, the device includes:

a surface having an elongated track comprising a plurality
of transverse arcuate regions having a different degree of
hydrophobicity than the surface, wherein the transverse arcu-
ate regions are sized and spaced to induce asymmetric contact
angle hysteresis when the droplet is vibrated; and

a means for vibrating the surface at a frequency and ampli-
tude sufficient to cause the droplet to deform such that the
front portion of the droplet contacts at least one additional
transverse arcuate region, thereby urging the droplet towards
the at least one additional transverse arcuate region.

DESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the attendant advan-
tages of this invention will become more readily appreciated
as the same become better understood by reference to the
following detailed description, when taken in conjunction
with the accompanying drawings, wherein:

FIG. 1 is a sketch of a portion of a device in accordance
with the present invention, illustrating a droplet supported in
the Fakir state;

FIGS. 2A-2C are plan-view sketches of textured surfaces
and droplets illustrating principles of the present invention;

FIGS. 2D-2F are side cross-sectional sketches of the tex-
tured surfaces and droplets shown in FIGS. 2A-2C;

FIG. 3 is a micrograph of a textured surface in accordance
with the present invention;

FIGS. 4A-4F are micrographs of the operation of a device
in accordance with the present invention;

FIG. 5 is a perspective-view sketch of a mesa useful in the
present invention;

FIG. 6A is a diagram of a system for operating a device in
accordance with the present invention;

FIG. 6B is a sketch of a system for operating a device in
accordance with the present invention;

FIGS. 7A-7D illustrate the stages of the fabrication of a
representative surface useful in devices in accordance with
the present invention;
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FIG. 8 is a graphical analysis of the operation of a device in
accordance with the present invention;

FIG. 9 is a graphical analysis of the operation of a device in
accordance with the present invention;

FIG. 10A is a schematic side elevation view illustration of
a droplet with edges pinned to a textured surface;

FIG. 10B is a schematic side elevation view illustration of
a droplet with edges pinned to a mixed hydrophobic-hydro-
philic flat surface, in accordance with the disclosed embodi-
ments;

FIG. 11A is an annotated micrograph of a mixed hydro-
phobic-hydrophilic flat surface, in accordance with the dis-
closed embodiments;

FIG. 11B is a schematic top plan view illustration of a
droplet with edges pinned to a mixed hydrophobic-hydro-
philic flat surface, in accordance with the disclosed embodi-
ments;

FIG. 11C is a schematic top plan view illustration of a
portion of the trailing edge of a droplet with edges pinned to
a mixed hydrophobic-hydrophilic flat surface, in accordance
with the disclosed embodiments;

FIG. 11D is a schematic top plan view illustration of a
portion of the leading edge of a droplet with edges pinned to
a mixed hydrophobic-hydrophilic flat surface, in accordance
with the disclosed embodiments;

FIG. 12A is four frames from one period of oscillation
resulting in directed transportation of a 12.5 pl drop on a
TMS-FOTS wetting barrier ratchet captured by a high-speed
camera as it moves from left to right with a velocity of 5.4
mmy/s;

FIG. 12B is a graph of the mean contact angles of the
droplet from FIG. 12A measured over time;

FIG. 13 is a graph comparing the actuation amplitudes
required to initiate movement of devices of the present inven-
tion for various droplet volumes;

FIGS. 14A-14C: A slip test was utilized to determine the
pinning forces for three exemplary device designs with rung
radii 590 pm, 1000 pm and 1500 pum, for drop volumes rang-
ing from 15 to 30 ul; FIG. 14A: The critical stage angle, a.,
for each track design is plotted for the rung curvature pointing
uphill and downhill, respectively; FIG. 14B: The difference in
a for the rung curvature uphill and downhill experiment is
plotted for each track design; and FIG. 14C: Pinning anisot-
ropy is plotted for each track design;

FIG. 15A is a graph of actuation amplitudes for three
exemplary track designs compared to F measured in
the slip test; and

FIG. 15B is a graph of drop velocity for three exemplary
track designs comparedto F, measured in the slip test.

Amnisotropy

nisotropy

DETAILED DESCRIPTION OF THE INVENTION

The invention provides methods and devices for transport-
ing droplets on a surface. The aspects provided include drop-
let transport schemes utilizing both textured “mesas” and flat
“wetting barrier” surfaces.

Textured Surfaces

A method s disclosed for transporting droplets on a surface
textured with a plurality of nested transverse arcuate projec-
tions (interchangeably referred to herein as “mesas”) where
the motion results from vibrating a droplet having a front
portion contacting a larger area of mesa surface than the back
portion of the droplet, such that the imbalance of the con-
tacted areas propels the droplet in the direction of greater
contacted surface area due to surface energy minimization.
The arcuate mesas form “tracks” for the moving droplet. The
energetically favored movement of the droplet is in the direc-
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tion of the concave portion of the arcuate mesas. Thus, as the
droplets are vibrated, they “ratchet” along the arcuate mesas
tracks. The tracks can be arbitrary in length and form complex
shapes, including loops. While arcuate mesas are provided, it
is contemplated that other mesa shapes (e.g., v-shapes) may
alternatively be useful.

In one aspect, a method for moving a droplet along a
predetermined path on a surface is provided. The method
includes: providing a surface having an elongated track com-
prising a plurality of transverse arcuate projections that are
sized and spaced to support a droplet in a Fakir state, wherein
the droplet has a front portion; depositing the droplet on the
elongated track; and vibrating the surface at a frequency and
amplitude sufficient to cause the droplet to deform such that
the front portion of the supported droplet contacts and
adheres to at least one additional transverse arcuate projec-
tion, thereby urging the droplet towards the additional trans-
verse arcuate projection.

In another aspect, a device is provided for moving a droplet
along a predetermined path on a surface, comprising: a sur-
face having an elongated track comprising a plurality oftrans-
verse arcuate projections that are sized and spaced to support
a droplet in a Fakir state, wherein the droplet has a front
portion; and a means for vibrating the surface at a frequency
and amplitude sufficient to cause the droplet to deform such
that the front portion of the supported droplet contacts and
adheres to at least one additional transverse arcuate projec-
tion, thereby urging the droplet towards the additional trans-
verse arcuate projection.

FIG. 1 shows a droplet 100 situated on a textured surfaces
20 formed in accordance with the present invention, the tex-
tured surface 20 defining a plurality of pillars 10, wherein the
shape and/or the surface chemistry of the textured surface 20
and the composition of the droplet 100 allow the droplet 100
to be supported in the “Fakir” state, i.e., supported at the tops
of the pillars 10. A representative droplet is a water droplet.
Preferably, at least the upright or vertical portions of the
pillars 10 are hydrophobic, and the pillars 10 are spaced such
that the droplet 100 is supported above the pillars 10. It will be
appreciated that the Fakir state is a metastable state having air
pockets in the spaces between the pillars 10 below the droplet
100, and in this embodiment the surface 20 is a superhydro-
phobic surface. The angle 6 represents the macroscopic con-
tact angle between the droplet 100 and the surface 20.

FIGS. 2A-2F show views of the textured surface 20 with
the droplet 100, illustrating the basic principle of transport,
which is illustrated in plan view in FIGS. 2A-2C and in side
view in FIGS. 2D-2F. Referring now to FIG. 2A, in this
embodiment the pillars 10 are formed as arcuate mesas com-
prising a track 114. Although unitary pillars 10 are illustrated,
it is contemplated that each of the pillars 10 may alternatively
comprise a plurality of spaced-apart posts that cooperatively
define an intermittent arcuate mesa. The droplet 100 is sup-
ported on the mesas 10 with a front portion 102 of the droplet
contacting a particular lead mesa 10, the lowest possible
surface energy state for the droplet on the surface 20.

If the surface 20 is vibrated, inertial forces will cause the
droplet 100 to deform. For example, during an upward por-
tion of a vibration the droplet 100 will tend to spread out as the
surface 20 pushes the bottom of the droplet 100 upwardly.
Droplet deformation is illustrated in FIG. 2B, where the drop-
let 100 is flatter and covers a larger area than the original
droplet footprint 100' (the deformation is exaggerated, for
clarity). The actual shape of the deformed droplet 100 will
depend on the intensity of the vibration and the properties of
the droplet 100 and the surface 20. In FIG. 2B, the droplet
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front portion 102 extends and contacts the next forward mesa
10", and the back portion 104 contacts the next rearward mesa
10",

Because the arcuate shape of the mesa 10 curves in the
same direction as the droplet front portion 102 (and opposite
the curvature of the droplet back portion 104), the droplet
front portion 102 contacts a larger surface area of mesa 10'
than the back portion 104 contacts of mesa 10". Therefore,
from surface energy and/or surface tension considerations,
the droplet 100 will preferentially pin or adhere to mesa 10" at
the front portion 102. Then, as the surface 20 vibration moves
downwardly, inertial forces tend to cause the droplet 100 to
elongate vertically, and the droplet 100 will move in the
direction of the front portion 102. In one embodiment, the
arcuate mesas define substantially circular arcs, the arcs hav-
ing substantially similar radii to that of the droplet. If the radii
of'the arcuate mesas and the droplet are substantially similar,
the amount of mesa-top surface area potentially contacted by
the front portion of the droplet is maximized.

The droplet 100 moved by the above process is illustrated
in FIG. 2C, where the front portion 102 of the droplet 100 now
contacts the forward mesa 10'. Thus, as the surface 20 con-
tinues to vibrate, the droplet 100 will move, from right to left
in FIGS. 2A-2C.

The movement of a droplet in the devices can be explained
in terms of locally minimizing surface energy. The droplet
front portion 102 tends to contact greater mesa surface area
than the droplet back portion 104 because the front portion
102 curves in the same direction as the mesas 10. More
surface area contacted results in minimized surface energy.
As the surface 20 vibrates, the droplet 100 is deformed and the
front portion 102 contacts greater surface area than the back
portion 104 for a symmetrical deformation. The droplet 100
will therefore be urged to move towards the front portion 102.
The vibration frequency and amplitude must be sufficient to
cause the droplet 100 to extend across one or more of the gaps
between arcuate mesas 10. So long as the front portion of the
droplet continues to contact more surface area than other
sides of the droplet, the front portion will be preferentially
pinned to the new position and the droplet 100 will tend to
move toward the front portion 102.

Referring now to FIG. 3, a micrograph of a representative
textured surface is pictured. The mesas on this representative
textured surface are comprised of posts positioned to define
intermittent mesas in the shape of arcs and with varying
density from arc to arc within a set of arcs, moving from left
toright in FIG. 3. The periodic difference in arc-to-arc density
is such that each arc in a set of arcs has a different linear
density of posts, with the set of arcs repeating periodically.

In FIG. 3 an exemplary droplet area indicated by a dark
circle (at a horizontal plane located at the top of the posts) is
superimposed on the micrograph, with the darker-shaded
areas of the periphery generally indicating areas of contact
with the surface of the mesas. The front portion of the droplet
(as illustrated, on the right-hand side of the shaded droplet
area) makes contact with a larger number of posts, and thus a
larger surface area, than the back portion of the droplet (on the
left side of the droplet). If the exemplary substrate and droplet
illustrated in FIG. 3 were vibrated, because of the energeti-
cally favorable conditions towards the right-hand side of the
droplet, the droplet would move from left to right across the
substrate.

Referring now to FIGS. 4A-4F, a series of micrographs are
shown that illustrate the operation of a representative device
having two droplets situated upon two tracks of mesas, where
the curvature of the mesas are in opposite directions (left track
mesas are concave towards the top of the image, right track
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mesas are concave towards the bottom of the image). FIG.4A
illustrates an initial condition with both droplets at rest. As the
intensity of the vibrations is increased, the smaller of the two
droplets begins to move along its track, as illustrated in FIG.
4B. Maintaining a vibration intensity sufficient to move the
first droplet but not the second results in the first droplet
traveling to the end of its track, as illustrated in FIG. 4C. FIG.
4D illustrates the results of increasing the intensity of vibra-
tion such that the larger second droplet is induced into move-
ment. FIG. 4E illustrates the larger droplet moving along its
track and FIG. 4F illustrates the device where both droplets
have moved to the end of their tracks.

Tracks useful in representative devices are not limited to
linear shapes, but also include any shape that can be patterned
on a surface, including looped tracks and tracks that Cross.

A device need not be strictly horizontal to function, and a
droplet can be transported up (or down) an incline so long as
the spacing and density of the mesas and the vibration inten-
sity are such that it is energetically favorable for a droplet to
move along the incline and remain pinned at increasingly
higher locations due to energy minimization. In embodiments
wherein a droplet is moved along an incline, gravitational
forces must be considered. For example, when driving a drop-
let up an incline, the pinning force at the front portion of the
droplet will be resisted by gravity.

Devices can be useful, for example, in facilitating space
and time-resolved chemistries, and for the handling of chemi-
cal and biological samples that are available in low quantities
or low concentration.

Theory

Although not intending to be limited by the following, the
inventor’s current understanding of the physical mechanism
included is discussed below.

As described above, representative devices operate when a
droplet is in the Fakir state on a surface. The Fakir state of a
droplet on a textured surface is illustrated in FIG. 1 and is the
result of a particular set of surface texture parameters, as
described below. A droplet on a surface has a contact angle 0
(as illustrated in FIG. 1) when in the Fakir state as defined by
Equation (1):

cos 8=¢(cos 6,+1)-1 (D
where 6, is the intrinsic contact angle of the droplet on a
non-textured mesa material and ¢ is a surface texture param-
eter defined by Equation (2), wherein a, r, and R are illustrated
in FIG. 5 (for circular post mesas).

7r? 2
(a+2r)

2R

¢ =

(a+2r)? -

Generally, ¢ is the ratio of total mesa-top surface area to total
projected surface area.

Because ¢ is defined both by the post dimension and the
spacing between posts, if the posts all have a constant surface
size (e.g., cylindrical posts having uniform diameter), then
the resulting ¢ value will increase the closer the posts are
spaced from one another. An increase in ¢ corresponds to a
decrease in surface energy and contact angle when referring
to a system where a droplet is contacting the mesa tops.

A second texture parameter z can be expressed as the ratio
of the total mesa surface area (including height, length, and
width) to the total surface area over which the pillar and
surrounding surface cover. The texture parameters ¢ and z can
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be distinguished in that z takes into account the three-dimen-
sional surface area of the mesas while ¢ only concerns the
mesa-top surface area.

The texture parameters ¢ and z are used to design textured
surfaces that support droplets in the Fakir state, which is
stable only if the inequality expressed in Equation (3) holds
true:

-1
cosf; < ¢—

-9

©)

Thus, if a particular droplet (liquid) and surface result in a
fixed intrinsic contact angle (8,), the design of the mesas of the
substrate that influence z and ¢ allow the structure to be
tailored to either support the Fakir state or the Wenzel state
(full wetting of the surface).

The intrinsic contact angle 6, is related to the apparent
contact angle 0, of a Fakir droplet on a textured surface
according to Equation (1). The contact angle 0 . for represen-
tative droplets on textured surfaces include droplets having a
contact angle 0 of 90° to 180°.

The contact angle 6 varies with the energy of the surface
area contacted by the droplet and thus is influenced by the
texture parameter ¢. As ¢ increases and the area contacted by
the droplet increases, the contact angle decreases as a result of
the reduction of the surface energy. The opposite also holds
true: as ¢ decreases and the area contacted by the droplet
decreases the surface energy increases and the contact angle
formed between the droplet and the mesas increases. In rep-
resentative devices, the front portion of the droplet has a
smaller contact angle than the back portion because it con-
tacts more surface area, and thus has a lower surface energy.

A Fakir droplet on a surface does not spontaneously tran-
sition to the Wenzel state because of the presence of an energy
barrier. The contact angle 6 depends only on ¢ and 6, and is
independent of the coating on the sidewall. However, the
energy barrier between the Fakir and Wenzel states depends
on the coatings of the sidewall and is independent of the 0, of
the mesa tops (according to Equation (3)). Thus, the size and
surface chemistry of both the mesa tops and sidewalls are
important for devices of the invention.

As described above, during device operation the droplet
moves as the result of pinning Pinning refers to the force
between a portion of the droplet and the surface it touches. An
advancing droplet is a droplet that is flattened such that it is
reduced in height and increased in radius (in the plane of the
substrate; assuming a symmetric vibrational mode shape),
and a receding droplet is the opposite: the droplet is increased
in height and reduced in surface area radius. Thus, a vibrating
droplet will first advance, such that the droplet is compressed
and spread out, and then will recede.

There is an asymmetry in the behavior of different portions
of'advancing and receding droplets, which drives the move-
ment of droplets in representative devices. The degree of
pinning of a portion of a droplet is based on the texture
parameter ¢, with a low ¢ resulting in: a high contact angle 6,
a low degree of pinning in the advancing direction, and a low
degree of pinning in the receding direction. A high ¢ (i.e.,
larger surface area) results in: a lower contact angle 0., low
pinning when advancing, and high pinning in the receding
direction. This asymmetry in receding pinning forces results
in movement towards an area of high ¢ if there is an asym-
metry in the ¢ parameter between front and back portions of
the droplet when vibrating. Because an area of high ¢ has a
high degree of receding pinning, the pinned portion will
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remain in the high ¢ (low surface energy) area while the low
¢ area will not pin the opposite portion of the droplet, and thus
the droplet is allowed to move towards a higher ¢ area.

Representative arcuate mesa structures are surrounded by a
low-¢ region that serves to repel the droplets, thus tending to
retain the droplets on the arcuate mesa tracks. The ¢ of this
region is significantly smaller than that of the track, so as to
contain the droplets, but the pillars are not so sparse that the
droplets sag down between them. In an exemplary embodi-
ment, the ¢ of this region is less than or equal to 0.04.

Vibration

Devices operate through the vibration of droplets on a
textured surface. The means for supplying the vibration is not
specifically important and any techniques for generating
vibration known to those of skill in the art are useful. In a
representative embodiment, the vibration of the droplet is
vertical (perpendicular to the substrate) and acoustically
induced by a speaker driven by an amplifier. Alternatively,
modal exciters (such as the Bruel & Kjaer 4808) and piezo
actuators are exemplary means for providing vibration. Non-
perpendicular vibration can be useful, for example, to pro-
duce asymmetric vibrations that may act (sometimes in con-
junction with surface features) to produce droplet switches,
for example, where tracks intersect and a droplet is directed
along a selected path by the angle (relative to the substrate) of
the vibration.

The frequency and intensity of vibration needed to move a
droplet depends on the size of the droplet and the energy
considerations related to the textured surface. In a represen-
tative, non-limiting, embodiment, a micron-sized droplet can
be transported across a textured surface with a vibration fre-
quency of from about 1 to about 100 Hz.

Devices

An exemplary system 600 in accordance with the present
invention is illustrated in FIG. 6 A. The droplet 100 is dis-
posed on the surface of the textured substrate 20, as previ-
ously described. The substrate 20 is mounted on a position-
able stage 615. The stage 615 is mounted on a source for
vibration 620, such as a speaker. The vibration source 620 is
driven by an amplifier 625 that can also in turn be driven by a
waveform generator 630 and the signal generated by the
amplifier 625 can be monitored using an oscilloscope 635.
The droplet 100 is recorded and contact angles are measured
using a high-intensity light source 640 directed across the
droplet 100 and into a high-speed camera 650. The results of
a typical device of the invention operating have been previ-
ously described in conjunction with FIG. 4.

Additionally, as will be appreciated by those of skill in the
art, the motion of a droplet can be measured using, for
example, a laser vibrometer or a built-in accelerometer.

The devices are useful as a tool for transporting droplets to
and from locations on a substrate where the droplets can be
analyzed or manipulated by techniques known to those of
skill in the art. Representative analytical techniques include
passive analyses, such as microscopy, and destructive analy-
ses, such as GC/MS.

An exemplary device 660 incorporating a loop-shaped
track 114 of arcuate mesas 10 is sketched in FIG. 6B. Droplets
100 are supplied by a means for depositing droplets 670,
which are moved along the track 114 in a counter-clockwise
direction as the device 660 is vibrated by the means for
vibration 620. In this exemplary device 660, the droplets 100
can be analyzed by up to three analytical techniques 680 (each
of'which can be the same or different from the others), such as
fluorescence microscopy, as the droplet 100 moves in a loop
around the track 114. By traveling in a loop, the droplet 100
can be analyzed by several analytical techniques 680. It will
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be appreciated that analytical techniques 680 useful in ana-
lyzing droplets 100 are known to those of skill in the art.

Textured Surface Fabrication

Textured surfaces can be fabricated using techniques
known to those of skill in the art. Surfaces can be made from
arange of materials (e.g., semiconductors or polymers), with
the only limitation on available materials being the ability of
the material to form a surface that will support a droplet in the
Fakir state. Traditional semiconductor microfabrication tech-
niques, including photolithography, thin film deposition, and
etching techniques, can be used to fabricate devices of the
invention, as can other techniques (e.g., molding, soft lithog-
raphy, and nanoimprint lithography). Any fabrication tech-
nique is useful if it can produce the appropriate mesa struc-
tures (having the appropriate surface chemistry) for creating
the Fakir state of a droplet.

Referring now to FIGS. 7A-7D, a representative textured
surface fabrication process, is illustrated using traditional
microfabrication techniques. This exemplary fabrication pro-
cess begins in FIG. 7A with a silicon substrate 700 having a
thin oxide 702 deposited or grown on the surface. The shapes
of the mesas are defined first through the use of lithography,
wherein the areas that will become mesa tops are masked with
photoresist 704 that is deposited and patterned on the oxide
702, as illustrated in FIG. 7B.

In this exemplary process, two different etching stages are
performed to define the mesa height, with the resulting struc-
ture illustrated in FIG. 7C. The first etching step is a standard
oxide etch (e.g., buffered oxide etch) that removes the oxide
702 that is not protected by the patterned photoresist 704. The
unetched oxide 702 and the photoresist 704 both serve as etch
barriers so as to mask the silicon 700 for deep reactive ion
etching (DRIE) that results in the final structure illustrated in
FIG.7C. The oxide 702 and photoresist 704 are removed from
the silicon 700 and a hydrophobic thin film 706 is deposited
(e.g., by solution, vapor, or plasma) on the silicon 700, cov-
ering the tops, side walls, and trenches between the mesas,
resulting in the structure illustrated in FIG. 7D. It will be
appreciated that other techniques, such as soft lithographic
processing (including micromolding and embossing) of
hydrophobic polymers (e.g., PDMS), can yield similar struc-
tures as those described above; however, the mesas are then
made entirely of the intrinsically hydrophobic material. Fur-
ther treatment of such hydrophobic polymers can alter the
hydrophobicity of portions of the structure (e.g., the tops of
the mesas can be treated to become hydrophilic).

As described previously, the Fakir state is primarily a result
of'the hydrophobicity of the sidewalls of the mesas, although
the tops of the mesas also contribute to the overall hydropho-
bic effects of the substrate. In one embodiment, the tops of the
mesas are hydrophilic and the sidewalls of the mesas are
hydrophobic.

Exemplary Device Results

An exemplary device includes round post-shaped mesas
having diameters of 20 microns, the posts being shaped into
arcs nested with other arcs. An exemplary structure illustrat-
ing this design is pictured in the micrograph of FIG. 3. The
curvature of the rows of mesas is typically varied from 0.5
mm to 1 mm in this exemplary embodiment. The height of
mesas in this exemplary embodiment is 25 microns and the
droplets range in size from 5 pl to 15 pl. Droplets can be
dispensed using methods known to those of skill in the art,
including manually dispensing droplets with a syringe.

Graphical analyses of devices of the invention are shown in
FIGS. 8 and 9. FIG. 8 graphically depicts the oscillations of
both the front and back portions of a vibrating droplet with
respect to contact angle. In each cycle, the portions advance
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outward when the droplet is compressed and recede inward
when the droplet is recessed. The peaks correspond to
advancing angles and the troughs to receding angles. The
smaller amplitude of oscillations at the front portion (the
portion that is curved in the same direction as the mesas) is a
direct consequence of the higher pinning that is experienced
as the front portion encounters more surface area of mesas,
and thus lower surface energy.

Referring now to FIG. 9, the position of a droplet is graphi-
cally depicted as the amplitude of vibration increases. With an
increase in amplitude of vibration, the energy coupled into the
droplet increases. In zone 1 of FIG. 9, the vibration energy is
small and the droplet remains “stuck” to the surface. In zone
1, the footprint of the droplet remains constant. In zone 2, the
front and back portions begin to oscillate but the energy
supplied to the droplet is comparable to that dissipated in
movement of the portions. Because the portions begin to
oscillate, the droplet begins to translate, resulting in motion in
the direction of minimized surface energy. In zone 3, the
energy supplied by vibrations is high, such that the droplet
begins to jump. However, the time spent when the droplet is
off contact is dead time. Hence, the vibration-induced move-
ment efficiency drops in zone 3, and movement is reduced.
Thus, the advantage of high amplitudes of oscillation is
reduced by the ineffective movement of droplets that are
removed from the surface for a period of time as the result of
strong vibrations.

In the exemplary device graphically analyzed in FIG. 9, a
maximum rate of travel of a droplet vibrated on the surface is
12.5 mm/s. The terminal velocity is illustrated in FIG. 9 by the
solid line drawn through the droplet-center plot. In zone 2 of
FIG. 9, the droplet begins accelerating, but the acceleration
peaks at 12.5 mm/s because, as vibration intensity is
increased and the droplet enters zone 3, the portions of the
droplet may extend further in the plane of the surface but the
droplet leaving the surface for short amounts of time results in
decreased efficiency of movement, and thus a terminal veloc-
ity is reached. The exemplary system used to generate the
graphs of FIG. 8 and FIG. 9 includes a water droplet and a
substrate as described in conjunction with FIG. 7, where the
substrate comprises a silicon substrate having circular mesas
etched into the surface and coated with fluorinated octyl
trichlorosilane. The substrate and droplet system are vibrated
in this example by a speaker driven at 49 Hz with a square
wave. The droplet size is about 10 pl.

Flat Surfaces

As discussed above, textured devices (“texture ratchets™)
can be used to move a droplet suspended on the textured
pattern in the Fakir state. As a result of the semi-circular rung
design, there is near-continuous pinning for the side of the
drop aligned with the rung curvature but only intermittent
pinning for the anti-aligned side. The asymmetry in pinning
results in unbalanced contact angle hysteresis. That is, when
vibrated, the aligned side exhibits a greater range of contact
angles over time per vibration cycle than the anti-aligned side
for the same time and cycle and thus, the hysteresis of the
aligned side is greater than the hysteresis of the anti-aligned
side. When sufficiently agitated by vertical vibration, the
contact line of the drop will de-pin to cyclically advance and
recede. Asymmetry in contact angle hysteresis rectifies foot-
print oscillations into controlled horizontal transport, specifi-
cally, in the direction of the rung curvature, or, greater contact
angle hysteresis.

Texture ratchets capitalize on strong pinning at geometric
barriers, but they are inherently limited by the nature of rough
surfaces. At extreme vibrations the drop can collapse from the
Fakir state into the microstructure and become immobilized
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in the Wenzel state. In addition, aspect-ratio fabrication con-
straints limit the minimal ratchet period length achievable on
a microstructured surface. Fully transparent texture ratchets
are impossible to realize. The fabrication protocols required
for a rough surface limit the concurrent fabrication and inte-
gration of electrodes and sensors.

Transparent ratchet devices on a flat surface can be
designed using principles similar to the texture ratchets.

In one aspect, a method of moving a droplet along a pre-
determined path on a surface is provided. In one embodiment,
the method includes:

providing a surface having an elongated track comprising a
plurality of transverse arcuate regions having a different
degree of hydrophobicity than the surface, wherein the trans-
verse arcuate regions are sized and spaced to induce asym-
metric contact angle hysteresis when the droplet is vibrated;

depositing the droplet on the elongated track; and

vibrating the surface at a frequency and amplitude suffi-
cient to cause the droplet to deform such that a front portion
of the supported droplet contacts an at least one additional
transverse arcuate region, thereby urging the droplet towards
the at least one additional transverse arcuate region.

In another aspect, a device for moving a droplet along a
predetermined path on a surface is provided. In one embodi-
ment, the device includes:

a surface having an elongated track comprising a plurality
of transverse arcuate regions having a different degree of
hydrophobicity than the surface, wherein the transverse arcu-
ate regions are sized and spaced to induce asymmetric contact
angle hysteresis when the droplet is vibrated; and

ameans for vibrating the surface at a frequency and ampli-
tude sufficient to cause the droplet to deform such that the
front portion of the droplet contacts at least one additional
transverse arcuate region, thereby urging the droplet towards
the at least one additional transverse arcuate region.

In the flat surface embodiments, the flat devices operate
using vibration and edge pinning of the droplet on an elon-
gated track formed from a plurality of arcuate features. For
the textured devices, the elongated track is formed from a
plurality of arcuate projections (“mesas”) that extend from
the surface of the substrate, as described above. Conversely,
flat devices do not have arcuate projections, but instead have
a surface patterned with an elongated track formed from a
plurality of transverse arcuate regions having a different
degree of hydrophobicity than the surface. This hydrophobic-
hydrophilic patterning is referred to herein as a “wetting
barrier” ratchet track. The track supports a droplet along an
alternating pattern defined by regions having a different
degree of hydrophobicity. As used herein, the term “different
degree of hydrophobicity” is used to describe surfaces that
have a different affinity for water, which is used as the bench-
mark droplet liquid. The substrate and the arcuate regions
may both be hydrophobic, they may both be hydrophilic, or
one may be hydrophobic and the other may be hydrophilic. In
one embodiment, the plurality of transverse arcuate regions
are more hydrophobic than the surface. In one embodiment,
the plurality of transverse arcuate regions are more hydro-
philic than the surface.

Modification of surfaces to form hydrophobic or hydro-
philic functionalities is well known to those of skill in the art.
Chemical modifications (e.g., using self-assembled monolay-
ers) or thin-film depositions (e.g., chemical vapor deposition)
are exemplary methods. Any means can be used to form the
transverse arcuate projections as long as the method used can
form the necessary patterned regions in the shape of the
elongated track with sufficient precision so as to allow the
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track to support a droplet and allow for movement of the
droplet along the track when sufficiently vibrated.

The droplet is a liquid supported by the elongated track
according to the description herein. The droplet may be
hydrophobic (e.g., an organic solvent) or hydrophilic (e.g.,
water).

The droplet has a degree of hydrophobicity such that it is
supported as a droplet on the substrate and the arcuate regions
and there is an asymmetry in how each side of the droplet
experiences the substrate/arcuate region interface, thus
inducing asymmetric contact angle hysteresis during vibra-
tion.

In one embodiment, the droplet has a degree of hydropho-
bicity closer to the degree of hydrophobicity of the transverse
arcuate regions than that of the surface. The hydrophobicity
of'the droplet, arcuate regions, and the surface are all defined
such that the droplet has a degree of hydrophobicity closer to
the degree of hydrophobicity of the transverse arcuate regions
than that of the surface. Because the droplet has affinity for
the arcuate regions, the edge-pinning effect occurs, which
allows for transport of the droplet across the track when
vibrated.

In other embodiments, the degree of hydrophobicity of the
droplet is closer to the degree of hydrophobicity of the surface
than that of the transverse arcuate regions. In such embodi-
ments, the affinity of the droplets to the substrate and the
arcuate regions still supports the droplet and creates an asym-
metry in how each side of the droplet experiences the sub-
strate/arcuate region interface, thus inducing asymmetric
contact angle hysteresis during vibration.

As with the texture ratchets, the transverse arcuate regions
are sized and spaced to induce asymmetric contact angle
hysteresis when the droplet is vibrated. The step of vibrating
the surface at a frequency and amplitude sufficient to cause
the droplet to deform such that a front portion of the supported
droplet contacts an at least one additional transverse arcuate
region, thereby urging the droplet towards the at least one
additional transverse arcuate region operates in a similar
manner as disclosed above with regard to texture ratchets,
although a theoretical description is also provided below.

A comparison of how water pins to a sharp edge and to a
wetting barrier is shown in FIGS. 10A and 10B. FIG. 10A
illustrates water’s strong pinning to sharp edges, which is a
well known phenomenon; it is commonly demonstrated by
the ability of a drinking glass with sharp rims to hold more
water than its volume. The edge sustains much larger contact
angles than the characteristic wetting contact angle of the
surface (05, ,..)- At some critical angle (6 ,,.,) the droplet
will collapse outwards. Referring to FIG. 10B, pinning also
occurs at wetting barriers, when water spreads from a hydro-
philic (8, . 4) to a more hydrophobic surface (8, .. 5)-
In this case, the critical angle at wetting barriers corresponds
to the characteristic wetting contact angle of the hydrophobic
surface.

In one embodiment, the plurality of transverse arcuate
regions and the surface are optically flat. “Optically flat”
means that any step between the surface of the substrate and
the arcuate regions is invisible to the eye (i.e., is significantly
less than the wavelength of light (in the tens of nanometers,
approximately).

In one embodiment, the plurality of transverse arcuate
regions and the surface are coplanar. “Coplanar” means that
there is no step at all.

In one embodiment, the plurality of transverse arcuate
regions and the surface are formed from the same substrate. In
such an embodiment, the surface and the arcuate regions are
both formed from the same bulk material. To provide the
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contrast in hydrophobicity, one or both of the surface and
arcuate regions are treated or coated. For example, in one
embodiment the surface is untreated substrate material and
the arcuate regions are chemically treated or coated to provide
distinct hydrophobicity and form the elongated ratchet track.

Regarding the vibration of the surface, any combination of
amplitude and frequency sufficient to move the droplet along
the track is contemplated. In one embodiment, the amplitude
is from 1 micron to 1 mm. In one embodiment, the frequency
is from 1 Hz to 1 kHz. Flat devices typically require smaller
amplitude to operate than textured devices. That is, for similar
geometry devices, a flat device will move a droplet at a lower
threshold amplitude than a textured device.

The elongated track can take any shape. The track shapes
and functions discussed above with regard to the textured
devices are applicable for flat devices. In one embodiment,
the elongated track defines a closed loop. In one embodiment
the track includes at least one turn. In one embodiment the
track splits from a single track into two or more tracks. In one
embodiment the track includes a merge of two or more tracks
into a single track.

The source of vibration can be any means of vibration. The
sources of vibration disclosed above for the textured devices
apply to the flat devices. In one embodiment, the step of
vibrating the surface comprises a technique selected from the
group consisting of acoustic vibration, electromagnetic
vibration, and piezoelectric vibration.

The shapes of the transverse arcuate regions are similar to
those described above with regard to textured devices. In one
embodiment, the transverse arcuate regions have a track
width (lateral width from side to side of the track) from 1
micron to 50 mm. In one embodiment, the transverse arcuate
regions have a track width from 10 microns to 10 mm.

In one embodiment, the transverse arcuate regions have a
region width (“rung width”; width of each rung measured in
the longitudinal track direction) from 1 nm to 1 mm. In one
embodiment, the transverse arcuate regions have a region
width from 100 nm to 100 microns.

In one embodiment, the transverse arcuate regions have a
period (“rung period”; longitudinal track distance from the
start of one rung to the start of the next rung) from 1 nm to 1
mm. In one embodiment, the transverse arcuate regions have
a period from 100 nm to 100 microns.

In one embodiment, the transverse arcuate regions define
substantially circular arcs having a constant radius. In one
embodiment, the transverse arcuate regions define substan-
tially circular arcs having a varying radius, (e.g., an portion of
an ellipse).

In one embodiment, the constant radius is approximately
equal to a radius of a footprint of the droplet.

In one embodiment, the substantially circular arcs are
equal to or less than V% of a circle.

In one embodiment, the radius of the substantially circular
arcs is half of the track width or more.

In one embodiment, the step of depositing the droplet on
the elongated track occurs without any external vibration.
That is, the droplet can be deposited on the track prior to
applying vibration. Conversely, in one embodiment, the drop-
let is placed on the track when vibration is applied.

In one embodiment, the step of depositing the droplet on
the elongated track occurs via condensation on the elongated
track. Droplets are typically deposited on the track in liquid
form, although any means of providing the droplet on the
track is contemplated, including condensation.

In one embodiment, the plurality of transverse arcuate
regions and the surface are transparent at visible wavelengths.
As noted above, it is impossible to form textured surface
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ratchets that are transparent because the height of the mesas
introduce visible discontinuities. Because flat ratchets have
no height difference between the surface and the arcuate
regions, transparent devices are possible. In such embodi-
ments if both the surface and the arcuate regions are transpar-
ent materials than the device will be transparent. Transparent
devices are desirable for facile integration with microscopy
(e.g., inverted epi-fluorescence). Additional benefits can be
found in the potential for seamless integration onto windows
or displays such as an automobile or an electronic display.

Theory

When a drop is placed on a flat chemically homogeneous
surface the contact angle at the three-phase boundary can be
characterized by the Young-Dupré equation. However, this
equation does not hold if the triple line (TPL) coincides with
a wetting discontinuity, where a range of contact angles can
be established. Pinning is observed as a contact angle hyster-
esis, i.e., as the difference between the apparent advancing
(0,) and receding contact angles (0). The metastable state of
a liquid on geometric discontinuities was first considered by
Gibbs and later experimentally confirmed by Oliver et al.
More recently, a similar effect was described at chemical
discontinuities between regions of varying wettability. For
our purposes, it is useful to define a hysteresis force (F;,,) as
the difference between the pinning force at the TPL for the
advancing and receding state:

Fyp,=wy(cos Og—cos 0,9

*
where w is the width of the drop projected orthogonally to the
direction of pinning, and v is the solid-liquid surface tension.
By using this projection, we effectively extract the compo-
nent of the force vector F;, in one direction of pinning. For
a drop placed on a heterogeneous surface the classic Cassie-
Baxter (CB) equation predicts the apparent contact angle by
an area weighted average of the cosines of the material con-
tact angles. Recently, several papers have pointed out the
limitations of the CB equation for surfaces with non-uniform
pinning at the TPL and proposed modified CB equations. We
use the line fraction modified CB equation, which enables a
simple and intuitive means for describing our system. When
a drop is placed on the device, fractions of the TPL lie on the
hydrophilic region, the hydrophobic region and the boundary
between the two wettabilities. The portion of the TPL at the
boundary accounts for the majority of hysteresis, as its local
contact angle (0,) can vary between the equilibrium contact
angles of the two materials before it de-pins (0,<0,<6,).
Using the line fraction method we can relate the apparent
contact angle to the alignment of the TPL on a heterogeneous
surface:

cos 0,

=X 1 €08 0 +X5 cos 05+, cos 6,

®

where 8, 0, and 6,, and 8, are the apparent contact angle,
the equilibrium contact angles for the hydrophilic and hydro-
phobic materials, and the contact angle at the boundary. The
line fraction X, is the proportion of the TPL length on the
given materials or along the boundary projected orthogonally
to the direction of pinning, such that X, +X,+X,=1. To solve
for cos 0 and cos 6, from Equation 5 we assume recession
occurs when 8,=0, and advancement when 6,=6,. The results
are substituted into Equation 4 to derive the direct relation-
ship between the force of pinning to the boundary line frac-
tion X, and the difference in the contact angle cosines of the
two surfaces.

Fyp,=Xpwy(cos 8,—cos 05) (6)

On a ratchet utilizing periodic curved rungs as its pawl, an
asymmetric boundary line fraction is established between the
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portion of the drop edge aligned with the curvature, and the
portion of the drop edge that is anti-aligned with the curvature
of'the rungs (FIG. 11C). We denote the former as the leading
edge (high X,) and the latter as the trailing edge (low X)) of
the drop. The effectiveness of the ratchet in converting
orthogonal perturbations to anisotropic drop motion is related
to relative hysteresis of the leading and trailing edges (Equa-
tion 7). This can be found by considering the difference in
hysteresis force between the leading and trailing edges of a
drop.

M

This equation provides a useful design principle for opti-
mizing performance. Surfaces that maximize the boundary
line fraction along the leading edge while minimizing the
boundary line fraction along the trailing edge will produce the
greatest anisotropy and ratcheting performance. The bound-
ary line fractions X, ;.,, and X, 5, are determined by the
complex interaction between a drop and a ratchet design—
rung period, rung width, track width, rung curvature, and
surface hydrophobicity in addition to drop volume, surface
tension, and position on the track all play a critical role.

FIGS. 11A-11D show wetting barrier ratchets transport
drops using periodic semi-circular hydrophilic rungs on a
hydrophobic background. FIG. 11A: TMS-dodecanethiol
wetting barrier ratchet. Dark regions correspond to the hydro-
philic TMS rungs and lighter areas to the hydrophobic dode-
canethiol self-assembled on Au. FIG. 11B: A sessile drop sits
on an optically flat TMS-FOTS wetting barrier ratchet. FIGS.
11C and D: For visualization purposes, we overlay photos
from the edges of a receding drop with the CAD mask design
of'the wettability pattern. FIG. 11D illustrates the right (lead-
ing) edge of the drop conforms to rung curvature while FIG.
11C illustrates the left (trailing) edge that crosses several
rungs. The resulting asymmetric pinning is estimated by
examining the portion of the TPL which lies at the hydro-
philic-hydrophobic boundary. For the leading edge 100 per-
cent of the TPL reside at the boundary between the hydro-
philic-hydrophobic regions, while for the trailing edge only
29 percent do.

Flat Device Fabrication

To realize a ratchet on a flat surface, we chemically pat-
terned hydrophilic regions (contact angle 6,) on a hydropho-
bic background (contact angle 6,) with 6,<8,. In contrast to
geometric discontinuities in texture ratchets, the wetting bar-
rier ratchet utilizes a periodic, semi-circular, chemically het-
erogeneous pattern to induce asymmetric contact angle hys-
teresis. We report two surface modification techniques using
both oxide and gold-adhering self-assembled monolayers
(SAMs) to pattern the wettability of a surface. Trimethylsil-
anol (TMS)-dodecanethiol and TMS-perfluorooctyltrichlo-
rosilane (FOTS) ratchets have been generated. Observations
regarding the performance between texture ratchets and wet-
ting barrier ratchets, including the role of rung curvature in
establishing asymmetry and ratcheting performance, are dis-
closed herein.

We present two techniques for surface chemistry modifi-
cation. One device has a chemically patterned surface of TMS
(53° air-water contact angle) and dodecanethiol SAM (104°
air-water contact angle). The other has a TMS and FOTS
(108° air-water contact angle) patterned surface. For both
processes, the silicon wafer was rinsed with acetone, isopro-
panol, and deionized water. The wafer was then coated with a
liquid film of hexamethyldisilazane adhesion primer and
allowed to react for 20 seconds before being spun dry. The
result is a monolayer of TMS on the wafer surface. Photoli-
thography was then performed with 1.2 um of AZ1512 pho-

F Anisotmpy:(Xb,Lead_Xb,Trail)WY(cos 6,—cos 6,)
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toresist. After development, the remaining photoresist forms
the pattern of the ratchet’s rungs. An oxygen plasma treat-
ment at 40 W for 5 minutes removes the exposed TMS (the
area not covered with photoresist), revealing a bare silicon
oxide layer. At this point the fabrication sequences of the two
devices diverge.

For the TMS-FOTS ratchet, the next step was a chemical
vapor deposition of FOTS in a standard desiccator using a
house vacuum for 1 hour. Afterwards, the FOTS was annealed
by placing the device on a hot plate for 1 hour at 150° C. to
create covalent siloxane bonds. In the final step, the photore-
sist was removed with acetone revealing a TMS-FOTS pat-
tern.

For the TMS-dodecanethiol ratchet, the next step was an
evaporation of 50 nm Au onto the surface, with a 10 nm Cr
adhesion layer. Liftoff was then performed. The device was
then immersed into a 1:4 dodecanethiol:ethanol (by volume)
bath for 1 hour to allow the dodecanethiol to assemble on the
Au surface.

Experimental Setup

The experimental setup consisted of an Agilent 33120A
function/arbitrary waveform generator, Briiel & Kjer Type
2718 power amplifier, Brilel & Kjer Type 4809 vibration
exciter, Agilent Infiniium oscilloscope, Polytec OFV vibro-
meter, DRS Data & Imaging Systems Inc. Lightning RTD
high-speed camera and Matlab on a Windows PC. A die with
the wetting barrier ratchet was attached on the vibration
exciter such that the die was horizontal and the vibration acted
in the vertical direction. Drops of deionized water were pipet-
ted onto the ratchet.

Droplet Transport

A 12.5 pLL drop on the TMS-FOTS ratchet was transported
at 5.4 mm/s when agitated with a vibrational agitation of 100
um at 72 Hz. A high-speed camera captured the silhouette of
the drop at 1 ms intervals and several frames from one period
of oscillation are displayed in FIG. 12A. The contact angle
was measured for eight stage vibration cycles, and the aver-
age and standard deviation for each time point was deter-
mined (FIG. 12B). Drop transport can be broken down into
two distinct phases—footprint expansion and contraction. In
the expansion phase, the accelerating stage causes the foot-
print to expand, effectively increasing the interfacial energy
of'the drop. Due to the asymmetric pinning of the rungs at the
TPL the leading and trailing edges move differently, expand-
ing 118+34 um and 397+41 pm, respectively. In the contrac-
tion phase, the TPL of the drop recedes to minimize its inter-
facial energy. Similar to expansion, recession proceeds
asymmetrically with the leading and trailing edges receding
58434 um and 45525 pum, respectively. The key to drop
transport is that the difference in leading and trailing edge
recession is greater than the difference in leading and trailing
edge expansion. Therefore in one vibrational cycle the drop is
transported on average 60 um in the direction of the leading
edge.

FIGS. 12A and 12B. Directed transportation of a 12.5 ul
drop on a TMS-FOTS wetting barrier ratchet is captured by a
high-speed camera as it moves from left to right with a veloc-
ity of 5.4 mm/s. Transport is actuated with a vibrational
amplitude of 100 um at 72 Hz. FIG. 12A: Four frames from
one period of oscillation are displayed and FIG. 12B: the
mean contact angles over eight periods are measured and
plotted vs. time (the standard deviation at each time point is
indicated). At O ms the footprint of the drop is at its maximum
expansion just prior to recession. Initially, the edge of the
drop recedes symmetrically from O to 7 ms. Asymmetric
pinning is clearly visible from 7 to 9 ms, where the leading
right edge of the drop pins to the surface while its contact
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angle decreases; simultaneously, the contact angle of the trail-
ing left edge increases as it recedes, leaving a faint residue of
water behind. See supporting information for videos of drop
transport.

Actuation Amplitude

The minimum amplitude required to initiate transport,
defined as the actuation amplitude, is limited by the pinning at
the leading edge. Agitation must be significant enough to
advance the leading edge of the drop by at least one rung
before transport can take place. A geometric sharp edge, i.e.,
a discontinuity between solid and vapor, will in general result
in stronger pinning than a chemical edge, i.e., a discontinuity
between two surfaces with different wetting properties.
Therefore, wetting barrier ratchets are expected to have lower
actuation amplitudes than texture ratchets. Actuation ampli-
tudes were measured on texture ratchets versus the two new
wetting barrier ratchets with identical rung layouts. The
results shown in FIG. 13 demonstrate that actuation ampli-
tudes are significantly reduced on both wetting barrier ratchet
designs. The most significant decrease was observed with a
10 pl drop, with a reduction of actuation amplitude from
133+7.5 um on the texture ratchets to 37+£2.3 um on the
TMS-FOTS ratchet. The TMS-FOTS ratchet performed
slightly better than the TMS-dodecanethiol ratchet—this is
not unexpected, as the 60 nm Au/Cr layer should increase
pinning for the leading edge.

FIG. 13. Wetting barrier ratchets reduce actuation ampli-
tudes required to initiate transport in comparison to the pre-
viously reported texture ratchet. Each device had identical
rung layout and was actuated at its resonant frequency for the
given ratchet and drop volume. They are listed in order of
increasing volume [5,7.5,10,12.5 and 15 pL]: texture ratchet
[75, 60, 50, 45, and 42 Hz|, FOTS-TMS ratchet [115, 95, 82,
72, and 65 Hz] and dodecanethiol—TMS ratchet [97, 85, 74,
67, and 61 Hz]. The FOTS design clearly outperformed both
the texture ratchet and the dodecanethiol design. Error bars
indicate the standard deviation of each set of measurements.

Slip Test

To evaluate experimentally how rung curvature affects pin-
ning anisotropy a slip test was performed. A drop was placed
on a TMS-FOTS ratchet mounted on a horizontal stage. The
stage was slowly tilted upwards until a critical stage angle (ct)
was reached at which point the drop slid downhill oft the
substrate. The slip test was conducted for three rung radii: 590
um, 1000 pum, and 1500 um. Experimental results are shown
in FIGS. 14A-14C for drops ranging in volume from 15 to 30
pL. The critical stage angle varies depending on the rung
orientation (curvature pointing uphill or downhill). Both ori-
entations were tested to find the force of anisotropy. To mea-
sure F ;,; 100, the difference is taken between Fy,, .5, and

Fsh.p, Jownni 11 Equation 8.

®)

where m, g, @, and 0,,,,,,; are the mass of the drop,
acceleration due to gravity, critical stage angles for when rung
curvature was pointed uphill or downhill, respectively. The
difference in o, displayed in F1G. 14B, was largest for smaller
radii and decreased as the radii increased. At 30 pl. Aa con-
verged for all ratchets to 8°. The convergence at high volumes
can be explained as an indifference to rung curvature when
the radius of the footprint was significantly greater than the
rung radius. For a 15 pL drop F 4,000, Was 36.4x1.8 uN,
27.4x1.7 uN, and 3.8+2.6 uN for the 590 um, 1000 um and
1500 um radii devices, respectively, demonstrating the
increased anisotropy for the tested ratchets with smaller rung
radii and indicating that they should have superior ratcheting
performance.
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FIGS. 14A-14C. A slip test was utilized to determine the
pinning forces for three ratchet designs with rung radii 590
pum, 1000 um and 1500 pum, for drop volumes ranging from 15
to 30 uL.. FIG. 14A: The critical stage angle, o, for each track
design is plotted for the rung curvature pointing uphill and
downhill, respectively. FIG. 14B: The difference in o for the
rung curvature uphill and downhill experiment is plotted for
each track design. FIG. 14C: Pinning anisotropy (Equation 8)
was plotted for each track design. The 590 um device, com-
plete semi-circle, demonstrated the strongest anisotropy.

Ratchet Performance vs. Rung Curvature

As predicted by the slip test, the TMS-FOTS ratchet with a
590 um rung radius outperformed the others in terms of
minimizing actuation amplitude and maximizing transport
velocity. Actuation amplitudes were evaluated over the same
set of devices with their results from the slip test for 15 and 20
uL drops in FIGS. 15A and 15B. For a 15 pL drop, actuation
amplitudes were found to be 79.5+1.3 um, 108.0+6.0 pm, and
158.3+3.4 um for the 590 pm, 1000 pm, and 1500 um devices,
respectively. Not only did smaller rung radii result in trans-
port atlower actuation amplitudes, but even at lower actuation
amplitudes drops were transported faster. Velocities at actua-
tion were measured to be 4.22+0.15 mm/s, 2.4+0.08 mm/s,
and 1.98+0.04 mm/s for the 590 pm, 1000 um, and 1500 um
radii, respectively.

The increased force of anisotropy and improved ratchet
performance for devices with shorter rung radii suggests a
relationship between boundary morphology and pinning
strength. To our knowledge, there has not been a comprehen-
sive study directly investigating the issue of boundary curva-
ture and pinning. Several independent investigations have
been conducted on the two extremes: circular hydrophilic
domain (high curvature) and straight hydrophilic stripe (no
curvature). For the circular hydrophilic domain case TPL
advancement occurred when 6,=0,. In the hydrophilic stripe
case, TPL advancement was observed at 6,<0,. While amore
extensive study is required to fully understand the boundary
curvature’s role in pinning, these studies support our experi-
mental observations that a higher rung curvature increases
pinning anisotropy and ratchet performance.

FIGS. 15A and 15B. Actuation amplitudes for three track
designs were compared to F 4., measured in the slip test
for 15 pl. and 20 pL drops at 74 Hz and 66 Hz, respectively.
FIG. 15A: As the rung radius decreases from 1500 pm to 590
um the actuation amplitude decreases by factors 2 or 2.8 and
F iisouropy INCreases by factors 9.5 or 2.8 forthe 15 ulor 20 pLL
volume, respectively. FIG. 15B: At actuation, the drop veloc-
ity is faster on the smaller rung radius despite the lower
actuation amplitude. The horizontal line of the cross repre-
sents the standard deviation for F , ..., While the vertical
line of the cross represents the standard deviation for the
actuation amplitude or velocity.

CONCLUSION

We realize a novel digital microfluidic platform. The wet-
ting barrier ratchet implements a purely chemical pawl made
of'periodic semi-circular hydrophilic rungs on a hydrophobic
background. Wetting barrier ratchets reduce the actuation
amplitudes of previously reported texture ratchets more than
three-fold fora 10 uL. drop. They can be optically flat, making
fully transparent devices possible. The chemical pattern can
be simply fabricated in a number of ways, including tech-
niques compatible with cheap mass production (e.g., inkjet or
contact printing). The flat surface is easily cleaned, integrated
with electrodes and sensors and is compatible for down-
scaling to nanoscale features for improved performance.
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For the first time, we use the line fraction CB equation to
provide a theoretical foundation for describing how periodic
curved rungs induce anisotropic contact angle hysteresis and
drop transport. Experimentally determined pinning anisot-
ropy is shown to be positively related to ratcheting perfor-
mance in terms of minimizing the actuation amplitude while
maximizing transport velocities. The smallest rung radius
investigated, 590 um, a complete semi-circle had the best
ratcheting performance.

The wetting barrier ratchet provides a simple and cheap
platform for performing drop based chemical or biological
microfiuidic functions. It could be implemented in a low-
power DMF point-of-care technology, or alternatively as a
laboratory tool easily integrated with inverted microscopy
due to its transparency. Other potential applications include
condensation collection on windows or for applications in
cooling or desalination.

While illustrative embodiments have been illustrated and
described, it will be appreciated that various changes can be
made therein without departing from the spirit and scope of
the invention.

The embodiments of the invention in which an exclusive
property or privilege is claimed are defined as follows:

1. A method of moving a droplet along a predetermined
path on a surface, the method comprising: providing the sur-
face having an elongated track comprising a plurality of trans-
verse arcuate regions having a different degree of hydropho-
bicity than the surface, wherein the transverse arcuate regions
are sized and spaced to induce asymmetric contact angle
hysteresis between the droplet and the surface when the drop-
let is vibrated; depositing the droplet on the elongated track;
and vibrating the surface at a frequency and amplitude suffi-
cient to cause the droplet to deform such that a front portion
of the supported droplet contacts an at least one additional
transverse arcuate region, thereby urging the droplet towards
the at least one additional transverse arcuate region.

2. The method of claim 1, wherein the plurality of trans-
verse arcuate regions and the surface are optically flat.

3. The method of claim 1, wherein the plurality of trans-
verse arcuate regions and the surface are coplanar.

4. The method of claim 1, wherein the plurality of trans-
verse arcuate regions and the surface are formed from the
same substrate.

5. The method of claim 1, wherein the amplitude is from 1
micron to 1 mm.

6. The method of claim 1, wherein the frequency is from 1
Hz to 1 kHz.

7. The method of claim 1, wherein the elongated track
defines a closed loop.

8. The method of claim 1, wherein the step of vibrating the
surface comprises a technique selected from the group con-
sisting of acoustic vibration, electromagnetic vibration, and
piezoelectric vibration.

9. The method of claim 1, wherein the transverse arcuate
regions have a width from 1 nm to 1 mm.

10. The method of claim 1, wherein the transverse arcuate
regions define substantially circular arcs having a constant
radius.

11. The method of claim 10, wherein the constant radius is
approximately equal to a radius of a footprint of the droplet.

12. The method of claim 10, wherein the substantially
circular arcs are equal to or less than %2 of a circle.

13. The method of claim 1, wherein the step of depositing
the droplet on the elongated track occurs without any external
vibration.
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14. The method of claim 1, wherein the step of depositing
the droplet on the elongated track occurs via condensation on
the elongated track.

15. The method of claim 1, wherein the plurality of trans-
verse arcuate regions and the surface are transparent at visible
wavelengths.

16. The method of claim 1, wherein the plurality of trans-
verse arcuate regions are more hydrophobic than the surface.

17. The method of claim 1, wherein the plurality of trans-
verse arcuate regions are more hydrophilic than the surface.

18. The method of claim 1, wherein the droplet has a degree
of hydrophobicity closer to the degree of hydrophobicity of
the transverse arcuate regions than that of the surface.

19. A device for moving a droplet along a predetermined
path on a surface, comprising: the surface having an elon-
gated track comprising a plurality of transverse arcuate
regions having a different degree of hydrophobicity than the
surface, wherein the transverse arcuate regions are sized and
spaced to induce asymmetric contact angle hysteresis
between the droplet and the surface when the droplet is
vibrated; and a means for vibrating the surface at a frequency
and amplitude sufficient to cause the droplet to deform such
that the front portion of the droplet contacts at least one
additional transverse arcuate region, thereby urging the drop-
let towards the at least one additional transverse arcuate
region.

20. The device of claim 19, wherein the plurality of trans-
verse arcuate regions and the surface are optically flat.

21. The device of claim 19, wherein the plurality of trans-
verse arcuate regions and the surface are coplanar.

22. The device of claim 19, wherein the plurality of trans-
verse arcuate regions and the surface are formed from the
same substrate.

23. The device of claim 19, wherein the amplitude is from
1 micron to 1 mm.

24. The device of claim 19, wherein the frequency is from
1 Hz to 1 kHz.

25. The device of claim 19, wherein the elongated track
defines a closed loop.

26. The device of claim 19, wherein the means for vibrating
the surface comprises a technique selected from the group
consisting of acoustic vibration, electromagnetic vibration,
and piezoelectric vibration.

27. The device of claim 19, wherein the transverse arcuate
regions have a width from 1 nm to 1 mm.

28. The device of claim 19, wherein the transverse arcuate
regions define substantially circular arcs having a constant
radius.

29. The method of claim 28, wherein the constant radius is
approximately equal to a radius of a footprint of the droplet.

30. The method of claim 28, wherein the substantially
circular arcs are equal to or less than ¥ of a circle.

31. The device of claim 19, wherein the plurality of trans-
verse arcuate regions and the surface are transparent at visible
wavelengths.

32. The device of claim 19, wherein the plurality of trans-
verse arcuate regions are more hydrophobic than the surface.

33. The device of claim 19, wherein the plurality of trans-
verse arcuate regions are more hydrophilic than the surface.

34. The device of claim 19, wherein the droplet has a
degree of hydrophobicity closer to the degree of hydropho-
bicity of the transverse arcuate regions than that of the sur-
face.



